INTRODUCTION
Several lines of evidence indicate that the human genome harbors active Alu retrotransposons (Mills et al. 2007 ). In fact, one new Alu insertion is estimated to occur for every 20 live human births (Cordaux et al. 2006 ). An extrapolation of these data to a global population of 6 billion people suggests a total of ~ 300 million recent Alu insertions in human populations. This is an impressive mutagenesis of the human genome and is equivalent to an average density of one insertion per 10 bp of DNA. Therefore, Alu retrotransposition events are expected to have a major impact on human biology and diseases Mills et al. 2007; Belancio et al. 2008) . Forty-three disease-causing Alu insertions have been identified already (Belancio et al. 2008) , and such insertions are expected to be discovered routinely as we enter the age of personalized genomics (Mills et al. 2007 ). However, to understand which Alu elements will continue to produce these new insertions, it is necessary to first define the active Alu copies that reside in the human genome. Only two Alu copies have been tested for mobilization in mammalian cells (Roy et al. 2000; Dewannieux et al. 2003; Hagan et al. 2003 ) and the number of functional Alu copies in the human genome is unknown.
To fill this gap in our knowledge, we systematically examined the mobilization capacity of Alu copies across the human genome. In particular, we examined the retrotransposition capacity of the ~280 bp central 'core' regions of Alu copies using a plasmidbased mobilization assay (Dewannieux et al. 2003) . A plasmid-based system is ideal for comparing the relative mobilization efficiencies of diverse core elements, because it keeps all other factors constant and eliminates possible variation due to flanking sequences. We first developed an annotated database of 850,044 full-length human Alu copies that was based upon Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from the reference genome sequence (Lander et al. 2001) . We then strategically identified specific Alu copies from this database to test in mobilization assays. We also tested several synthetic Alu elements, including some older consensus elements that are no longer present in the modern human genome. By systematically testing 89 representatives from many Alu families and subfamilies, we developed the first comprehensive view of functional Alu core elements in the human genome.
RESULTS

Functional analysis of the Alu J, S, and Y lineages.
We began by examining the most ancient Alu J lineage for possible retrotransposition activity. Given that that this lineage is approximately 65 million years old and is thought to be functionally extinct Mills et al. 2007; Belancio et al. 2008) , we were unlikely to find any functional Alu J copies in the genome. Accordingly, our database contains 163,368 full-length Alu J elements but completely lacks intact Alu J copies with consensus Alu J sequences ( Fig. 1) . In fact, the Alu J lineage has degraded to the point where the average copy has ~52 changes relative to the 280 bp Alu Jo and Alu Jb consensus sequences (equivalent to 18.6% sequence variation; Fig. 1 ). We cloned and tested representatives of the most highly conserved Alu Jo and Alu Jb elements that remain in the human genome; however, none of these elements was active in the mobilization assay (Figs. 1, 2e, Supplemental Table 1 ). Thus, our combined data indicate that the Alu J lineage is likely to be completely inactive in humans. In further support of this conclusion, no species-specific Alu J copies have been observed in comparisons of the human and chimpanzee genomes ; The Chimpanzee Sequencing and Analysis Consortium 2005; Mills et al. 2006) , and no polymorphic or diseaseCold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from causing alleles of Alu J have been reported Bennett et al. 2004; Chen et al. 2005; Wang et al. 2006; Mills et al. 2007; Belancio et al. 2008 ).
In contrast, the second oldest Alu lineage, Alu S, clearly contains functional Alu core elements. This lineage is approximately 30 million years old and contains 551,383 full length copies (Fig. 1) . Overall, four of the 16 Alu S elements that were selected from the genome and tested in mobilization assays were active (Sg_h11.1, Sp_h12.1, Sc_h1.1, Sx_425; Figs. 2b, 2d, Supplemental Table 1 ). Functionally intact Alu core elements were identified from four of the six Alu S subfamilies. Moreover, some Alu S elements were at least as active as consensus Alu Sx and Alu Ya5 elements (Figs. 2b, 2e; see below). Our results are consistent with the fact that species-specific Alu S copies have been identified in comparisons of the human and chimpanzee genomes (Mills et al. 2006) , and that both polymorphic and disease-causing Alu S copies have been reported (Bennett et al. 2004; Wang et al. 2006; Mills et al. 2007 ).
Finally, we found that the youngest Alu lineage, Alu Y, harbors the largest number of functionally intact Alu core elements (Figs. 2c, 2d, Supplemental Table 1 ). In fact, Alu Y and all of its major subfamilies were active in mobilization assays (Fig. 2c) . Consensus AluYa5, Alu Yb8, and Alu Yd8 elements had the highest levels of mobilization, followed by the remaining Alu Y subfamilies. The higher mobilization efficiencies of Alu Ya5 and Alu Yb8 might account for the fact that 58.3% of all polymorphic Alus in humans belong to these two subfamilies (Wang et al. 2006) . Given the range of activity levels observed among Alu Y subfamilies, the diagnostic base changes that define these subfamilies appear to have affected the mobilization efficiencies of these elements. Overall, our data indicate that the subfamily status of a given Alu Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from 6 copy largely dictates its mobilization capacity (Figs. 1, 2) , though other factors influence mobilization as well (see below).
Resurrection of ancient Alu J and Alu S elements.
We next determined that sequence variation is ultimately responsible for the functional extinction of older Alu elements. As outlined above, Alu J elements appear to have accumulated deleterious sequence changes to the point where no intact, functional Alu J copies exist in the modern human genome. To evaluate this hypothesis further, we resurrected an ancient Alu J element carrying the consensus Alu Jo sequence and tested it using modern L1 ORF2 proteins to drive retrotransposition. Remarkably, this ancient Alu Jo element was highly active in the mobilization assay (Fig. 2e) . We also resurrected an old Alu Sx consensus element, which was highly active as well ( Fig. 2e ; See also Hagan et al. 2003) . These data support a model of sequence decay for the extinction of older Alu J and Alu S elements in which deleterious sequence changes accumulated more rapidly than the pool of active elements was replenished by retrotransposition.
Sequence variation also affects Alu Y mobilization.
Sequence variation also is very common among modern Alu Y elements, and 134,441/135,293 (99.4%) of the Alu Y copies in our database had sequence changes compared to consensus sequences. To assess the potential impact of this sequence variation on activity, we next examined the mobilization efficiencies of 22 polymorphic and 9 randomly-chosen Alu Y copies that carried core sequence changes. Polymorphic Alu Y copies (i.e., copies that were differentially present in humans and thus had moved recently; see Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from generally had robust levels of mobilization in retrotransposition assays, indicating that sequence variation did not appreciably affect the mobilization of these elements (Fig. 2d , Supplemental Table 1 ). In contrast, randomly chosen Alu Y copies that contained sequence variation often had low levels of activity or were completely inactive, presumably because of the mutations in these elements (e.g., elements Y_h5.1, Y_h13.1, and Y_h16.1, Supplemental Table 1 ). On the other hand, some Alu Y copies with up to 7.4% sequence variation were active in mobilization assays, indicating that Alu can, in some cases, carry a large burden of mutations while still retaining function (e.g., Y_h14.1, Supplemental Table 1 ). These results indicate that there is a general relationship between the amount of sequence variation in a given Alu copy and its level of activity. However, it also appears that some sequence changes are more effective than others at altering activity.
We next developed a model to examine the impact of core sequence variation on Alu activity by plotting the level of sequence variation vs. the mobilization efficiencies for a random selection of unbiased Alu copies in our study (Fig. 3; Methods) . Our model predicts the following: all copies with intact consensus sequences are active in the mobilization assay (852 copies in the genome). However, as changes are introduced, the likelihood that critical sites are mutated increases to the point where all elements are inactive below ~90% conservation. By applying this model to the human genome, we estimate that there are up to 1,836 "hot" Alu copies that would be highly active in mobilization assays, 10,535 elements that would be moderately active, and 36,664 copies that would have low levels of activity (Fig. 3) . It should be noted that this approach provides a liberal estimate for the number of functional copies (see Discussion section below). We conclude that the pool of potentially active Alu copies in the Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from 8 reference genome includes at least 852 consensus copies and is likely to include thousands of copies. For comparison, ~80-100 copies of the human L1 retrotransposon are active in similar assays (Brouha et al. 2003) . Thus, the number of potentially active Alu elements in the reference human genome is unexpectedly large and exceeds that of all other human transposons.
In a parallel approach, we compiled a list of 124 positions that are conserved in all known active Alu elements. We first identified 190 sites that are conserved among 70 Alu subfamily consensus sequences (Supplemental Fig. 1) . Since all consensus elements tested thus far have been active in the mobilization assay, this alignment begins to identify internal sites that must be conserved for function. The preservation of these sites might be required for proper Alu RNA folding and/or to form interactions with essential host factors (see below). We then added to this alignment the 45 elements that were found to be active in this study (Supplemental Table 1 ).
This led to the identification of 124 positions that are conserved in all known active Alu elements ( Fig. 4a, Supplemental Fig. 1 ). Since our data set is not exhaustive, it is likely that additional sites can sustain changes within these 124 positions. We identified 3,437 elements in our database that conserved all 124 of these positions, and a total of 12,431 elements with up to two changes at these positions (Supplemental Tables 3, 4) . Importantly, no Alu J elements in our database conserved these 124 positions (Supplemental Table 3 ). Thus, this independent (and more conservative) approach also predicts that there are thousands of potentially active Alu elements in the human genome.
Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from Alu RNAs must interact productively with SRP9/14 host proteins for successful mobilization.
We also identified a second major determinant of Alu activity: SRP9/14 host proteins.
Alu RNA originally was derived from a region of 7SL RNA that includes SRP9/14 contact sites (Figs. 4a, 4b; Weichenrieder et al. 2000) . The first 50 nucleotides of 7SL RNA (the Alu RNA 5' domain; Weichenrieder et al. 2000 ) adopt a complicated three-dimensional fold that is recognized by the SRP9/14 heterodimer and is clamped against the helical Alu RNA 3' domain (Figs. 4a, 4b) . Alu retrotransposons encode two 7SL-derived domains in tandem (the Alu left and Alu right monomers; Sinnett et al. 1991) . Surprisingly, each of these domains has conserved this three-dimensional fold, and hence, the ability to bind SRP9/14 (Walter and Blobel 1983; Weichenrieder et al. 2000) .
But what impact, if any, does SRP9/14 protein binding have on Alu mobilization? A popular model suggests that SRP9/14 binding facilitates the docking of Alu RNAs on ribosomes, which in turn, allows these RNAs to capture L1 ORF2 proteins as they are translated from active L1 mRNAs (Sinnnett et al. 1991; Boeke 1997; Dewannieux et al. 2003; Mills et al. 2007; Fig 5) .
By hijacking the L1 reverse transcriptase, Alu ensures that its own RNA is copied into the genome instead of L1's mRNA. This model predicts that SRP9/14 binding is necessary for efficient Alu mobilization. We tested this model by constructing a G25C mutation within a predicted SRP9/14 binding site on Alu Ya5 RNA (Figs. 4a, 4b ). In the closely related 7SL RNA, this mutation changes a key nucleotide in the SRP binding site and lowers SRP9/14 binding affinity ~50 fold . We confirmed that our Alu Ya5_G25C mutation had a similar effect on SRP9/14 binding ( Fig. 4d ) and found that mobilization also was decreased to Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from 12% of wild-type Alu Ya5 levels (Fig. 4c) . The corresponding mutation in the right monomer (G159C) resulted in a similar decrease in SRP9/14 binding ( Fig. 4d ), but led to only a modest decrease in retrotransposition (Fig. 4c) . The combination of both mutations led to severely diminished levels of retrotransposition, indicating that SRP9/14 binding is essential for Alu retrotransposition (Fig. 4c) . These data provide strong experimental support for the SRP9/14 docking model, and indicate that left Alu monomer binding to SRP9/14 is more important for mobilization than right Alu monomer binding.
Finally, we found that primary sequence changes within Alu have led to diminished SRP9/14 binding during the course of evolution (Fig. 4e) . Our binding assays indicate that 7SL RNA and Alu Jo RNA have the strongest affinities for SRP9/14, followed by Alu Sx and Alu Y RNAs (Fig. 4e) . Remarkably, a major drop in SRP9/14 binding affinity appears to have occurred at the evolutionary transition between Alu J and Alu S (Fig 4e) , and modern Alu Y elements have preserved this lower affinity. However, our results with the Alu Ya5 G25C and G159C mutants clearly show that some level of SRP9/14 binding must be maintained for efficient mobilization (Fig. 4c) . Therefore, Alu S and Y elements appear to have evolved the lowest possible affinities for SRP9/14 that are still compatible with efficient mobilization.
One possible explanation for these data is that modern Alu RNAs have evolved the ability to disengage from SRP9/14 (Fig. 5) . The ability to disengage from SRP9/14 would not necessarily be required by 7SL RNA, because 7SL RNA serves as a structural scaffold within the signal recognition particle (Walter and Blobel 1983; Weichenrieder et al. 2000) . However, efficient release from SRP9/14 could be envisioned to improve Alu retrotransposition. According to this model, SRP9/14 would still facilitate the initial docking of Alu RNAs on ribosomes. But at some downstream step of retrotransposition, such as reverse transcription, SRP9/14 would be more efficiently displaced from modern Alu RNA templates. This could have improved the efficiency of reverse transcription and could have led to a competitive advantage over the older Alu RNA templates.
DISCUSSION
In this study, we have identified two major determinants of Alu activity in humans: i) the primary sequence of the ~280 bp core region and ii) the ability of the encoded RNA to interact with SRP9/14 to form RNA/protein (RNP) complexes. The closer an element's core sequence is to an active consensus sequence, the more likely it is to remain functional in mobilization assays (Fig. 1) . Likewise, SRP9/14 binding is essential for Alu retrotransposition and a given Alu RNA sequence must retain the ability to interact productively with SRP9/14 (Figs. 4, 5 ). Another finding of our study is that the number of functionally intact core sequences in the reference human genome is unexpectedly large. The pool of functionally intact cores includes at least 852 intact consensus elements and is likely to include thousands of copies (Figs. 3, 4a, Supplemental Tables 3, 4) . Thus, the number of potentially active Alu copies in the human genome greatly exceeds that of all other active human transposons.
Additional factors that influence Alu mobilization.
Although our mobilization assays measure the ability of Alu RNAs to fold, interact with SRP9/14, and carry out downstream steps of retrotransposition, they do not evaluate all parameters that are likely to be critical for Alu retrotransposition. For example, because we Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from launch Alu mobilization from plasmids, our assays do not take into account natural differences in Alu expression that occur within the context of the genome. Both methylation (Liu and Schmid 1993) and flanking genomic sequences (Ullu and Weiner 1985; Li and Schmid 2001; Chu et al. 1995; Goodier and Maraia 1998; Roy et al. 2000) have been shown to affect Alu element transcription. Likewise, poly (A) tail length has been shown to influence Alu retrotransposition efficiency (Roy-Engel et al. 2002; Dewannieux and Heidmann 2005) , and our assay does not evaluate differences in poly (A) tail length (a constant poly (A) tail length was used). Our analysis was focused solely on the contribution of the ~280 bp core sequence towards mobilization, and our assay did not measure the impact of flanking genomic sequences.
Therefore, we currently do no know how many of our elements would be expressed and mobilized from their normal chromosomal positions in biologically relevant cells.
. One way to estimate how many genomic elements are actually expressed and mobilized would be to examine the number of "source" genes that exist for a typical Alu subfamily. Source genes are differentiated from other copies in that, once integrated, they remain functional and can give rise to new offspring insertions elsewhere in the genome. Clearly, such copies must be getting expressed and mobilized in biologically relevant cell types, and these data allow us to estimate the fraction of Alu copies that are located at favorable (permissive) genomic sites.
Batzer and colleagues reported that between 6% and 20% of a given Alu Y subfamily's copies are capable of serving as source genes, and thus, of producing new retrotransposition events ). On the basis of the Batzer study, we expect that ~6% to 20% of the functional Alu cores in our study (Figures 3a and 4) likewise would be located within favorable genomic contexts, and thus, would be able to produce new insertions in the human genome.
Therefore, even when adjusted in this manner, we still conclude that the number of active Alu copies in the human genome far exceeds that of all other human transposons.
Additional studies will be necessary to identify the exact copies that are being expressed and mobilized within our collections. One way to tackle this problem would be to examine the expression of our elements in a variety of cell types, particularly in germ cells where Alu mobilization is likely to occur. Li and Schmid, for example, studied the expression of six Alu copies under baseline conditions in several cell lines and in response to stress induction (Li and Schmid, 2001) . Their studies revealed diverse expression profiles for each of the six Alus. This approach now could be applied on a much larger scale to a range of embryonic (and possibly somatic) cell types that are likely to de-repress Alu expression. Up to several thousand Alu cDNAs could be cloned and sequenced to gain an understanding of which elements are actually expressed from their natural chromosomal sites. The expressed elements then could be compared with those predicted to have active core sequences from our study, ultimately providing a better picture of which elements are most likely to produce new offspring insertions in humans. Finally, such data could be combined with parallel L1 studies to identify Alu copies that would be co-expressed with L1 ORF2p (a condition that also is essential for Alu mobilization). Collectively, these studies would allow us to make better predictions of which Alu copies are likely to produce genetic variation and diseases in humans.
Why are there so many potentially active Alu copies in the genome?
There might be evolutionary advantages to maintaining large pools of potentially active Alu copies in the genome. Given that some of the factors that inhibit Alu activity, such as methylation and poly (A) tail length can be reversed, these pools are likely to be dynamic. Dormant Alu copies could be envisioned to become reactivated provided that they had "active" core sequences that could support mobilization (Han et al. 2005) . Large pools of diverse Alu sequences could help Alu to modify its interactions with host factors such as SRP9/14 and might be useful in overcoming host suppression. Indeed, our SRP9/14 binding data suggest that Alu S evolved a competitive advantage over Alu J by changing its interaction with SRP9/14.
Moreover, this advantage could explain the extinction of Alu J and the subsequent expansion of Alu S. Thus, the number of active Alu elements in the genome might change during specific developmental stages or in the face of selective pressure.
METHODS
Database of full-length Alu elements.
Alu locations were obtained from the RepeatMasker track on the UCSC genome browser (Kent et al. 2002) . Alu elements with core sequences of >268 bp were considered to be full-length and were included in the database. Full-length Alus were re-classified using an inhouse Alu identification program entitled CAlu, which aligns an Alu sequence to an alignment profile consisting of known Alu subfamilies (obtained from RepBase version 21; Jurka 2000) using ClustalW. Positional changes were identified compared to an ancestral Alu sequence (AluY, Alu Sz, Alu Jo); these changes were then compared to a library of positional changes and the Alu was classified accordingly. The newly classified Alus were organized into a database Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from using genomic coordinates, nearest subfamily, and nucleotide changes beyond the diagnostic sub-family positions, if present.
Plasmids.
pCEP 5'UTR ORF2 No Neo, containing ORF2 of the L1.3 retrotransposon was described previously (Alisch et al. 2006) . Marked Alu plasmids were created using pAlu-eab2 (a modified version of the pAluNF1-neoIII plasmid; Dewannieux et al. 2003) , which contains the 7SL polIII enhancer upstream of the NF1-Alu10, and a downstream neo retrotransposition selection cassette consisting of a neo G418 resistance gene interrupted by the self-splicing tetrahymena intron (Esnault et al. 2002) cloned into pUC19. A Spe I restriction site was introduced immediately following the 3' end of the NF1-Alu, and an Afl III site was introduced into the NF1-Alu to facilitate clone selection. Alus were amplified by PCR and cloned using sequence-specific primers to preserve the individual 5' and 3' sequences of the target Alu. Typical primer sequences included an upstream primer containing a Pst I restriction site (underlined):
5'-TGCCCTGCAGCTTCTAGTAGCTTTTCGCAGCGTCTCCGACCGGCCGGGCGCGGTGGCT-3', and a downstream primer containing a Spe I restriction site (underlined):
5'-TTCTGAACTAGTATTTGAGACGGAGTCTCGCT-3'. Alu consensus sequences were either amplified and cloned from the genome by PCR or synthesized by annealing short, overlapping oligos, ligating cohesive ends, and then performing PCR-amplification. Specific genomic copies were first PCR-amplified using primers in flanking sequences, followed by a second PCR amplification using the primers described above or similar primers. Random genomic copies were PCR-amplified directly from BAC DNA or genomic DNA from the SNP Discovery Resource Panel of 24 diverse humans (Coriell; Collins et al. 1999 ). Site-directed mutagenesis Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from was performed on Alus by PCR using primers containing the desired mutations, and amplified fragments were cloned into the appropriate plasmid. For each genomic Alu, the genomic source is indicated in the plasmid named using the convention: "(subfamily)h(chromosome).(ID number)". For run-off in vitro transcription by T7 RNA polymerase, left and right Alu monomers were amplified from the respective source plasmid using primers containing the T7 promotor. Products were inserted into a derivative of plasmid pSP64 (Promega) that provided a 3' terminal HDV ribozyme to the transcript allowing the generation of precise 3' ends (Walker et al. 2003) . Primer sequences are available upon request. All plasmids were sequenced by QuickLane DNA sequencing (Agencourt Bioscience Corp.) using the M13-rev or SP6 primers.
DNA preparation.
Plasmids were purified using midi-and maxi-prep columns from QIAGEN according to the manufacturers' protocols. Plasmid DNA purity and concentrations were determined by spectrophotometer.
Cell culture.
Hela cells were grown in 100 mm plates at 37 o C with 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate (Cellgro), supplemented with 10% Fetal Calf Serum, and passaged using standard protocols.
Alu retrotransposition assay.
Retrotransposition assays were carried out essentially as described (Dewannieux et al. 2003) except that G418 was added directly to cells 72 hours after transfection. 24 hours before transfection, cells were pooled in a 50 ml conical tube in 50 mls DMEM, and counted using a hemocytometer. 6x 10 5 cells were plated from an agitated 50 ml conical tube onto 100 mm plates. Sample plates were trypsinized the next day and counted to confirm uniformity of cell number across plates. DNA concentrations were measured prior to each assay. Transfections were performed in triplicate using FuGene6 transfection reagent (Roche). 2 µg pCEP 5'UTR ORF2 No Neo was co-transfected with 6 µg of pAlu-eab2 (varying Alu plasmid concentration +/-25% showed no difference in final colony count). For each triplicate, 2 µg EGFP-N1 (Clontech) or a modified version with ampicillin resistance (EGFP-ampR) was cotransfected on a fourth plate to measure transfection efficiencies. 8 µg pYa5-neo without the L1 ORF2 driver was used as a negative control, and 6 µg pYa5-neo with 2 ug pCEP 5'UTR ORF2 No Neo was transfected as a positive control for all assays. After 24 hours, transfection efficiencies were determined.
After 72 hours, cells were given DMEM containing 600 µg/ml G418 and 100 µg/ml PenicillinStreptomycin (Cellgro). 14 days later, plates were washed with methanol, Giemsa stained, and photographed. Colonies were counted manually using ImageJ (Rasband 2007 ) and normalized to the pYa5-neo with pCEP 5'UTR ORF2 No Neo result within each assay. Data for featured
Alus combine results from 2-7 independent assays. All Alus were expressed using the 7SL promoter enhancer sequence immediately upstream of the Alu. To examine the possible variation in construct expression, RT-PCR was performed using primers for 1) sequences in the Alu, 2) a non-expressed plasmid backbone sequence to control for DNA contamination, and 3) a co-transfected expressed protein as a loading control. RT-PCR was performed from cells transfected with AluYa5, and Alu Jo, having high and medium levels of activity, respectively, and Szh.X1, being completely inactive and containing multiple disruptions of its A-Box and BBox sequences. PCR product was removed at cycles 23, 30 and 35 and run on a 1% agarose gel.
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Models for estimating the number of potentially active Alu copies.
We identified 33 unbiased Alu copies from our data set of 89 copies (Fig 3) . Elements that were know to be polymorphic in humans were excluded from the analysis, and only naturally occurring elements were used. The following elements were included (listed in Supplemental Table 1 ): 1_Sc_h5.1, 2_Y_h5.1, 3_Sp_h18.1, 9_Sx_h19.1, 11_Y_h10.1, 12_Y_h13.1, 21_Yb8, 26_Yc1, 46_Yg6, 47_Yi6, 48_Yd8, 58_Sx_h14.1, 59_Sc_h5.2, 60_Y_h14 .1, 65_Ya4_15, 66_Sgxz_20, 69_Yj4, 83_Yf2, 86_Yf2_38, 88_Jo_h10.1, 89_Jo_h11.1, 90_Jb_h8.1, 93_Jb_h9.1, 95_Sc_h15.1, 96_S_5, 97_Y_h16.1, 100_Y_h6.1, 101_Y, 109_Sz_hX.1, 110_Sc_57, 111_Yc1_h20.1, 114_Ya5a2. These elements were placed in bins as described in Fig. 3 , and the percentage of active copies was calculated ("active" being defined as having >5% Alu Ya5 levels of activity). These percentages then were used to count the number of Alu copies in the genome with the same percentages of conservation. For the 124 position analysis, we developed the list of critical positions using the alignment depicted in Supplemental Figure 1 , including 70 consensus sequences and 45 active elements from Supplemental Table 1 (elements with >5% Alu Ya5 levels of activity). We then examined our database for full-length elements that conserved either all 124 positions, or that had up 2 changes in these positions. The data are presented in Supplemental Tables 3 and 4 .
Cold
SRP9/14p binding assays.
Large-scale in vitro transcription from linearized plasmid templates and gel purification of Alu RNA was done as described previously (Weichenrieder et al. 1997) . RNA was quantified spectroscopically using a value of 40 mg/ml per OD 260 . Reference RNA was labeled cotranscriptionally in the presence of α 32 P-labelled UTP (20 µCi/ 20 µl reaction) and was gelpurified. The human SRP9/14∆R protein heterodimer was expressed, purified and quantified as described previously (Weichenrieder et al. 2000) . Protein was prepared in reaction buffer ( Cold Spring Harbor Laboratory Press on January 11, 2016 -Published by genome.cshlp.org Downloaded from
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After appropriate pilot experiments and controls, we determined the fraction saturation, ν, of SRP9/14 as a function of the ratio, ρ, of competitor to reference RNA. As a parameter for curve-fitting we used κ, the ratio of dissociation constants of reference to competitor RNA. For convenience of calculation and graphical representation we chose to replace κ by (e^ln(κ)) in equation (1) and fit ln(κ) directly. Finally, equation (2) was used to calculate differences in binding energy (∆∆G). Three independent measurements were done for each Alu RNA construct, using cold reference RNA for normalization and as a positive control on each filter.
An RNA aptamer for tetracycline (Müller et al. 2006) served as a negative control for nonspecific competition.
(1)
Equation (1) relates the fraction saturation, ν, to the ratio, ρ, of competitor to reference RNA.
The fraction saturation is calculated as ((S-S ∞ ) / (S o -S ∞ )), where S and S o correspond to phosphoimager counts in the presence and absence of competitor RNA and where S ∞ accounts for background counts.
(
Equation (2) relates κ, the ratio of dissociation constants of reference to competitor RNA to ∆∆G, the difference in affinity, where R corresponds to the gas constant (1.986 cal*K -1 *mol -1 )
and T corresponds to the temperature (in Kelvin). A positive value of ∆∆G indicates that competitor RNA has less affinity for SRP9/14 than reference RNA.
Statistics.
Activity fractions and their 95% confidence intervals were calculated with maximum likelihood using SAS PROC MIXED (SAS Institute Inc., Cary, NC). All active Alus were included and were treated as fixed effects, while a random assay term accommodated the repetition of each Alu within each replicate and across assays. The randomly selected Alus were categorized by their average activity fraction into 4 groups: 0-<0.05 (inactive), 0.05-<0.40 (low activity), 0.40-<0.66.6 (moderate activity), and 66.6-100% (high activity). These randomly selected Alus were further categorized by their consensus levels: <90%, 90-<93.3%, 93.3-<96.6%, and >96.6%. Within each consensus group, the proportion of Alus in each activity levels was calculated using Wilson's method (Altman et al. 2000) .
ACKNOWLEDGMENTS
We thank Shari Corin, Paul Doetsch, Natasha Degtyareva, Rebecca Iskow, and James
Schroeder for critical discussions and reading of the manuscript. We also thank Jackie Griffith 850,044 full length (>268 bp) genomic Alus were identified in hg18 of the reference human genome sequence and assigned to known Alu subfamilies. Alu elements frequently have sequence changes relative to consensus sequences. The number of changes for each full length copy is indicated on the X-axis; the copy number for a given level of sequence variation is indicated on the left Y-axis. Pink data points mark the mobilization activities of the 89 Alu copies that were examined in this study (labeled on the right Y-axis). In sum, 8 Alu J, 27 Alu S, and 54 Alu Y copies were tested, spanning a range of subfamilies and variation levels. Note that elements with fewer changes relative to consensus sequences (zero changes) generally had the highest levels of activity; no elements below 10% variation (28 changes) were active. Please see Supplemental Table 1 for additional details and error measurements. and <89.9%). The percentage of "active copies" was calculated for each bin, where "active" was defined as > 5% of Alu Ya5 activity level in the mobilization assay. The percentages of active copies within each bin then were used to estimate how many genomic copies with the same levels of variation are present in the human genome (the results are depicted as numbers). The levels of activity were broken down further into "hot" (red; 100% to 66.6% of Alu Ya5 activity level), "moderate" (yellow; 66.5 to 40% of Alu Ya5), and "cool" (blue; 39.9 to 5% of Alu Ya5).
No elements below 90% conservation were active in the mobilization assay. This method provides a liberal estimate of the number of Alu core elements that would be active if cloned and tested in our mobilization assay. The actual number of elements expressed and mobilized from their natural genomic locations is likely to be lower than the numbers presented due to the impact of flanking genomic regions on Alu expression (see Discussion). Supplemental Fig. 2 . e. Relative affinities of Alu consensus sequences for SRP9/14. In contrast to (d), truncated SRP RNA (SRP(t.)) was used as reference. These binding results agree with previous gel shift assays examining SRP9/14 binding to Alu S and Y monomers (Sarrowa et al. 1997 ). Alu RNA competes with 7SL RNA for SRP9/14 binding and RNP formation. It appears that at least one SRP9/14 heterdimer is necessary for Alu mobilization, although the binding of two heterodimers provides more efficient mobilization. Alu RNPs, once formed, can dock on ribosomes. As L1 mRNA is translated, the poly (A) tail of an SRP9/14-bound Alu competes for nascent L1 ORF2 reverse transcriptase (Sinnnett et al. 1991; Boeke 1997; Dewannieux et al. 2003; Mills et al. 2007 ). Finally, a new Alu sequence is inserted into the genome by targetprimed reverse transcription (Luan et al. 1993) . Modern Alu RNAs have evolved weaker SRP9/14 binding affinities, perhaps to disengage from SRP9/14 more readily during reverse transcription.
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